Endothelial oxidative stress induces cellular activation and sometimes death. Endothelial death can occur via necrosis or apoptosis. Understanding the mechanisms involved in cellular activation and death may lead to therapeutics designed to increase death or preserve cellular function. In the present study, brief periods of anoxia (3 h) followed by varying lengths of reoxygenation (0-5 h) lead to a time-dependent increase in human umbilical vein endothelial cell (HUVEC) caspase activity. Furthermore, ROCK-1 cleavage, which is dependent on caspase-3 activity, was also increased in cells undergoing oxidative stress compared with normoxic cells. Microarray data demonstrated that glucosylceramide synthase (GCS; glucosylceramide transferase), but not acid sphingomyelinase, was modulated by anoxia and reoxygenation. We confirmed that GCS mRNA and protein expression were significantly decreased in a timedependent fashion following oxidative stress by real-time polymerase chain reaction and Western blot, respectively. Treatment of normoxic cells with the GCS-specific inhibitor, D,, increased caspase activity to the same degree as cells undergoing oxidative stress. Fumonisin B 1 , the N-acyl-sphinganine dehydrogenase (e.g., ceramide synthase) inhibitor significantly attenuated caspase activity in HUVECs undergoing oxidative stress. These data suggest that alterations in GCS expression following brief periods of oxidative stress in human endothelial cells lead to increased caspase activity.
transcription factors, changes in expression of pro-and anti-apoptotic genes, and reversal of DNA damage are factors that determine whether a cell survives or undergoes apoptosis (1) . It is generally accepted that caspase activity mediates the execution phase of apoptosis, but the upstream signaling events still remain to be fully elucidated.
Ceramide is the central molecule for synthesizing all sphingolipids. Glucosylceramide synthase (ceramide: UDP-glucose glycosyltransferase, GCS, EC 2.4.1.80) is the rate-limiting enzyme that transfers glucose from UDP-glucose to ceramide to form glucosylceramides (GlcCer), which is the first glycosylation step in the formation of hundreds of higher-order glycosphingolipids (2, 3) . In addition to their important role as cellular membrane constituents of mammalian cells, glycosphingolipids are also involved in cell recognition, cell signaling, cell proliferation, differentiation, and immune recognition (4, 5) . GCS thus plays a significant role in various cellular processes by regulating the overall synthesis of glucosylceramide-derived glycosphingolipids. However, under conditions of apoptosis and general ceramide accumulation, sphingomyelinases (SMases) are considered the major enzymes responsible for generation of ceramide (4) .
While performing microarray studies with human umbilical vein endothelial cells (HUVECs), we noticed that GCS, but not acid SMase, appeared to be regulated by oxidative stress. Because GCS is central to the formation of GlcCer, alterations in GCS during oxidative stress may influence ceramide levels during conditions of inflammation or ischemia/reperfusion. In the present study, we investigated the expression of GCS following oxidative stress and its effect on caspase activity following oxidative stress.
MATERIALS AND METHODS

HUVECs
HUVECs were isolated and cultured as described previously (6) . Cells were used during passages 1 through 3.
Anoxia and reoxygenation of HUVECs
HUVECs were grown on gelatinized 100-mm petri dishes (Becton Dickinson, Franklin Lakes, NJ) or flat-bottomed 96-well plates (Corning Costar) to confluence in endothelial growth medium (25 mmol/l HEPES, 2 mmol/l L-glutamine, 500 µg/ml penicillin/streptomycin, 20% heat-inactivated fetal bovine serum (Sera Care, Oceanside, CA) in medium 199 (Gibco, Carlsbad, CA). To induce anoxic stress, culture media was aspirated off cells and replaced with anoxic endothelial growth media when introduced into an anoxia chamber (Forma Scientific, Marietta, OH). Cells were maintained under anoxic stress at 37°C in a 0% O 2 /5% CO 2 /∼12% H/balance N 2 atmosphere within the anoxic chamber. The chamber environment was rendered anoxic by a palladium catalyst, and O 2 concentration was maintained at 0 PPM (Coy Laboratories Products, Grass Lake, MI). The cells were removed from the anoxic chamber after 3 h, and the media was replaced with warm fresh media to begin a period of reoxygenation. The cells were then placed in a 95% air/5% CO 2 incubator at 37°C for 1, 3, or 5 h. Normoxic control cells were treated by replacement of culture media with fresh culture media and incubated in a 95% air/5% CO 2 incubator at 37°C for 1, 3, or 5 h.
Myocardial ischemia/reperfusion (MI/R) injury in rats
Rats (Sprague-Dawley) were subjected to 30 min ischemia of the heart by occlusion of the left anterior descending coronary artery and then allowed to reperfuse as previously described (7) . Rats were killed following 24 h of reperfusion. The right and left ventricular free walls were isolated, frozen in liquid nitrogen, and stored at -80°C before tissue analysis.
Western analysis of GCS in HUVECs
Confluent HUVECs in 100-mm petri dishes were subjected to anoxia and reoxygenation as previously outlined. The culture media was removed, and cells were washed two times with icecold phosphate-buffered saline (PBS). The proteins were solubilized in ice-cold lysis buffer (150 mmol/l NaCl; 25 mmol/l Tris-Cl, pH 7.4; 1 mmol/l MgCl 2 , 1% Triton X-100, 1% Nonidet P-40, 5 mmol/l EDTA, 1 complete protease inhibitor tablet/50 ml [Roche, Palo Alto, CA]; and 1.25 mmol/l PMSF). Cell debris was removed by centrifugation at 10000g for 5 min.
Cell lysate protein concentrations were measured (D c Protein Assay; Bio-Rad, Hercules, CA). Equivalent amounts of protein from each sample were resolved by 12% SDS-PAGE under reduced conditions and transferred to nitrocellulose membranes (Bio-Rad). After transfer, the membrane was blocked with 10% nonfat dry milk (NFDM) in PBS-TB buffer (PBS containing 0.1% Tween-20 and 0.1% bovine serum albumin) overnight at 4°C or 2 h at room temperature. Membranes were then washed three times with PBS-TB and then incubated for 1 h with polyclonal rabbit anti-human GCS antibody (provided by Dr. David L. Marks) in PBS-TB containing 10% NFDM and 1% gelatin (8) . After three washings (5 min/wash), the membrane was incubated for 1 h at room temperature with an horse radish peroxidase (HRP)-conjugated polyclonal goat anti-rabbit IgG antibody (ICN, Aurora, OH) for detection with the Supersignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL) and autoradiography film (Kodak). The membranes used for GCS analysis were reprobed using polyclonal mouse antihuman actin (Santa Cruz Biotechnology, Santa Cruz, CA) and a polyclonal HRP-conjugated goat anti-mouse antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) to ensure equal protein loading conditions and normalization of the data.
HUVEC lysates from normoxic and 3 h anoxia/5 h reoxygenation conditions were resolved by 9% SDS-PAGE, transferred to nitrocellulose, and probed for cleaved ROCK-1, a specific substrate for activated caspase-3 (9, 10), using a monoclonal mouse anti-human ROCK-1 antibody (Biocarta, Carlsbad, CA) and a polyclonal HRP-conjugated goat anti-mouse antibody (Jackson ImmunoResearch Laboratories).
Caspase activity assay
A Roche Molecular Biochemicals (Indianapolis, IN) kit was used to detect caspase activity to quantify the level of apoptosis following the manufacturer's instructions. Confluent HUVECs were subjected to anoxia and reoxygenation as previously outlined. Multiple wells from each experimental group were harvested for cell counting and normalization of the data as described later. Caspase substrate (100 µl/well) was plated into experimental wells, standard wells, and blanks (background controls) and then incubated for 2 h at 37°C. Free rhodamine-110 (R-110), released following caspase activation in this assay, was serially diluted in culture media, and 100 µl in duplicate was plated for generation of a standard curve. The plates/wells were read using a Cytofluor 2300 fluorometer (Millipore, Bedford, MA) at an λ Em of 530 nm and λ Ex of 485 nm. Because only free R-110, cleaved by caspase activation, fluoresces at a maxima λ Em of 521 nm and λ Ex of 499 nm, the amount of fluorochrome detected is directly proportional to caspase activity. Fluorometric results were normalized to the standard curve as well as the cell count. Final results are given as R-110 (µmol/l)/10 4 cells.
Apoptosis inducers or inhibitors were diluted with culture media and were exposed to the cells during normoxia or anoxia and reoxygenation. The pan-caspase inhibitor, zVAD.fmk (100 µmol/l, Calbiochem, La Jolla, CA), was used to verify caspase activity (11) . Fumonisin B 1 (Sigma, St. Louis, MO), the N-acyl-sphinganine dehydrogenase (e.g., ceramide synthase) inhibitor, was used at a 1 µmol/l (12). D,L-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP; Sigma), a glucosylceramide synthase (transferase) inhibitor, was used at 10 µmol/l (13).
Cell counts
HUVECs grown on 96-well plates undergoing either normoxic or anoxic/reoxygenation conditions were counted after removing the media and application of 0.1% Trypsin (Gibco) in PBS for 3 min with gentle agitation. Trypsin was neutralized by addition of culture media. The cells were then collected and counted on a hemacytometer. Each sample was counted twice.
Complete removal of the cells from the plates was verified microscopically.
Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was extracted from HUVECs or rat heart tissues as described previously using acid guanidinium thiocyanate extraction (14) . RNA was incubated with RNase-free DNase (Gibco Life Technologies, Gaithersburg, MD) at 10 U/100 µg RNA in the presence of 10 mmol/l MgCl 2 and 10 U of RNase inhibitor RNAsin (Boehringer Mannheim, Indianapolis, IN) at 37°C for 20 min. RNA was phenol-chloroform extracted and ethanol precipitated. cDNA was synthesized at a concentration of 0.1 µg/µl with random primers, using the Reverse Transcription System (Promega, Madison, WI). Quantitative RT-PCR study was performed using an iCycler detection system (Bio-Rad). cDNAs were amplified in 25 µl reactions containing 1× platinum quantitative PCR supermix-UDG buffer (Life Technologies Inc., Gaithersburg, MD) supplemented with 0.133 × SYBR Green I nucleic acid gel stain (Molecular Probes, Eugene, OR), 1 µl of cDNA reaction mix, and 0.2 µmol/l of each primer. Human β-actin and GCS were amplified using the following primers: human β-actin, 5'-ggctacagcttcaccaccac-3' and 5'-gcagctcgtagctcttctcc-3'; GCS, 5'-gttcgtcctcttcttggtgc-3' and 5'-agaagagagacacctgggagc-3'. Rat β-actin and GCS were amplified using the following primers: rat β-actin, 5-acctcatgaagatcctgacc-3' and 5'-gcaacatagcacagattctc-3'; and rat GCS, 5-cattcaactcaggggtgtcc-3' and 5'-tagtagggtcccacagtgcc-3'. β-actin and GCS were amplified with an initial soak at 95°C for 2 min followed by 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s for a total of 40 cycles. MELT curves were determined to ensure that the same PCR product was synthesized across all wells, using identical primers through the product's melting temperature. The comparative threshold cycle (T c ) method was used to quantify the relative fold mRNA levels (15) . The average T c value for three controls (cells or tissues) was used as the calibrator. The efficiency of amplification by the primers was confirmed to be near equal for the housekeeping gene and the gene of interest. The value for efficiency was used in the comparative T c equation as previously described (16) . Water samples or RNA samples containing no reverse transcriptase were amplified in parallel to ensure that no contaminating DNA was present during PCR. All experiments were repeated at least three times (n=3).
Statistical analysis
All values in the text and figures are presented as mean ± SE of n independent experiments. All data were subjected to one-way ANOVA followed by the Student-Newman-Keuls post hoc test using SigmaStat software (SPSS Science, Chicago, IL). Changes in GCS expression were evaluated by Student's t test. Differences were considered significant at P≤0.05.
RESULTS
Induction of apoptosis in HUVECs
Oxidative stress has been demonstrated to induce apoptosis in vitro using isolated HUVECs and also in isolated perfused organs (17, 18) . Caspase activation is known to denote initiation and execution of apoptosis, thus an increase in caspase activity is an early marker of apoptosis (19) .
To investigate the action of oxidative stress on HUVEC apoptosis, we measured HUVEC caspase activity following 3 h of anoxia and varying lengths of reoxygenation (0, 3, and 5 h) and compared it with normoxic conditions (Fig. 1) . Caspase activity (i.e., changes in R-110 concentration) increased in a time-dependent manner following anoxia and reoxygenation. Anoxia alone did not significantly increase caspase activity compared with normoxic cells. Anoxia followed by reoxygenation (e.g., 3 or 5 h) significantly increased caspase activity in a time-related manner. Thus, reoxygenation of anoxic HUVECs leads to increased caspase activity.
To demonstrate that execution of apoptosis was occurring following oxidative stress, we examined ROCK-1 cleavage. Cleavage of ROCK-1 is solely dependent on caspase-3 activation and is responsible for myosin light chain phosphorylation and the membrane blebbing observed during the later stages of apoptosis (9, 10) . As shown in Figure 1 , we observed increased cleavage of ROCK-1 following anoxia and 5 h of reoxygenation compared with normoxic cells. Thus, execution of apoptosis occurs following anoxia and reoxygenation of HUVECs.
Effect of oxidative stress on GCS expression in HUVECs
Preliminary microarray data suggested that HUVEC GCS expression was modulated by oxidative stress. To investigate potential biochemical/molecular mechanisms involved in oxidative stress-induced apoptosis, we examined GCS expression in HUVECs undergoing normoxia and anoxia followed by 5 h of reoxygenation by quantitative RT-PCR. We observed a significant decrease in GCS mRNA in the cells undergoing oxidative stress compared with normoxic cells (Fig. 2) . Thus, oxidative stress decreases the relative amounts of GCS mRNA compared with normoxic cells and may be involved in the apoptotic process.
We also examined whether GCS protein expression was altered by oxidative stress. HUVEC GCS protein expression was observed by Western blotting using anti-GCS antibody (8) . We observed a significant decrease in GCS protein expression in HUVECs undergoing anoxia and 3 or 5 h of reoxygenation. Our results indicated that oxidative stress decreases mRNA and protein expression of GCS in HUVECs. These alterations in expression may play a role in oxidative stress-induced apoptosis.
Inhibition of ceramide synthesis or metabolism alters caspase activity during oxidative stress
The synthesis of ceramide and its metabolism is illustrated in Figure 4 . We sought to pharmacologically inhibit N-acyl-sphinganine dehydrogenase (aka ceramide synthase) or ceramide metabolism (i.e., GCS inhibition) during normoxic or anoxic conditions while monitoring changes in HUVEC caspase activity. We used the GCS inhibitor, PDMP (10 µmol/l), to inhibit GCS under normoxic conditions (i.e., a total of 8 h of inhibition). We observed a significant 32 ± 3% increase in caspase activity in normoxic cells treated with PDMP compared with vehicle-treated cells (Fig. 5) . The pan-caspase inhibitor, zVAD.fmk (100 µmol/l, data not shown), inhibited caspase activity in these cells. The magnitude of caspase activity observed in the normoxic cells treated with PDMP was similar to that observed under anoxic/reoxygenation conditions ( Fig. 1) . Thus, inhibition of GCS leads to increased caspase activity in HUVECs.
Ceramide synthase plays a central role in the normal synthesis of ceramide. Anoxia and reoxygenation significantly increased caspase activity in the presence of the Fumonisin B1 vehicle (Fig. 6) . Inhibition of ceramide synthase with Fumonisin B1 (1 µmol/l) significantly decreased caspase activity in anoxic/reoxygenated HUVECs by 36%. The caspase activity in the treated HUVECs undergoing oxidative stress was not significantly different from the normoxic groups. These data further suggest that caspase activity in HUVECs undergoing oxidative stress is mediated by alterations in ceramide metabolism.
Effect of MI/R on GCS mRNA expression
MI/R induces ceramide accumulation in the heart and may play an important role in apoptosis (20, 21) . Because GCS regulates ceramide metabolism (2, 3), and our in vitro studies suggest that GCS represents a key step in oxidative stress-induced HUVEC apoptosis, we examined GCS mRNA expression in the rat hearts subjected to MI/R. GCS mRNA expression was significantly decreased (>50%) in rat hearts following MI/R compared with sham operated animals (Fig. 7) . These results suggest that part of the apoptotic response in the heart following MI/R may be due to alterations in GCS expression and provides an in vivo validation of the in vitro findings.
DISCUSSION
Ischemia/reperfusion injury involves oxidative stress and leads to tissue injury. Therapeutic modalities aimed at preventing cellular death must focus on two forms of cellular death: necrosis and apoptosis. Understanding the molecular and biochemical processes underlying cellular death is important in the development of therapeutic strategies.
Endothelial cells are the tissue's first line of defense against circulating blood elements and provide a barrier to macromolecules. Oxidative stress activates endothelial cells and leads to increased expression of leukocyte adhesion molecules and promotes leukocyte transmigration and apoptosis (18, 22) . However, the mechanism of oxidative stress-induced apoptosis is not well characterized. Previous studies looking at endothelial cells, oxidative stress, and apoptosis have relied on exogenous application of radiation or chemical substances; including hydrogen peroxide or cytokines, for extremely long periods of hypoxia/anoxia (i.e., >24 h) (23) (24) (25) (26) . These studies suggest that reactive oxygen species induce apoptosis and that ceramide accumulates in the cells exposed to oxidative stress (24, 25) . The buildup of ceramide observed in these studies suggests that SMases play an important role in the synthesis of ceramide (27, 28) . However, the specific role of endothelial SMases in the generation of ceramide remains a controversial topic (27, (29) (30) (31) . In preliminary studies, we investigated the action of brief periods of anoxia and reoxygenation on mRNA expression by microarray. We observed that GCS, but not acid SMase, appeared to be modulated by oxidative stress. Because ceramide catabolism/metabolism is regulated in part by GCS, we investigated the role of this enzyme in HUVECs subjected to oxidative stress and the resulting apoptosis.
We observed that GCS expression at the mRNA and protein level was decreased in HUVECs subjected to anoxia and reoxygenation. The loss of protein and mRNA expression were dependent on reoxygenation, increased with time, and correlated with increased caspase activity. Caspase-3 activation is known as the executioner of apoptosis (32) . Membrane blebbing is a hallmark of apoptosis, is observed in the late stages of apoptosis, is dependent on myosin light chain phosphorylation, and is dependent on increased caspase-3 activity (33) . Membrane blebbing is mediated by caspase-3-dependent cleavage of ROCK-1 (9, 10). We observed an increase in ROCK-1 cleavage, which is consistent with increased caspase 3 activity. Thus, brief periods of anoxia followed by reoxygenation lead to increased caspase-3 activity, ROCK-1 cleavage, and apoptosis.
Cells can undergo apoptosis via a variety of biochemical processes (19) . The buildup of cellular ceramide appears to differ across cell types but ultimately leads to apoptosis (32) . Activation of either acid or neutral SMases can induce apoptosis via ceramide accumulation in several different cell types (25) . However, the role of SMases in ceramide accumulation is controversial (27, (29) (30) (31) . In the present study, inhibition of GCS in normoxic cells increased caspase activity to the same extent as that observed by 3 h of anoxia and 5 h of reoxygenation. Thus, inhibition of HUVEC GCS increased caspase activity. If we inhibited N-acyl-sphinganine dehydrogenase (ceramide synthase) with Fumonisin B1 during anoxia and reoxygenation, we inhibited the increase in caspase activity. Collectively, these data suggest that following oxidative stress, HUVECs can undergo apoptosis via changes in GCS expression. This study demonstrated for the first time that changes in GCS expression influence caspase activity in human endothelial cells.
Ceramide levels are known to increase in the myocardium following ischemia/reperfusion (20, 21) . Recently, it was demonstrated that myocardial endothelial cells undergo apoptosis before myocytes and that an intrinsic apoptotic pathway was required (18, 34) . Furthermore, that study also demonstrated that myocyte apoptosis required an extrinsic pathway, but the source and identity of the fluid-phase molecule was not known. Our data demonstrated that GCS expression decreased following myocardial ischemia and reperfusion and suggested that alterations in GCS expression may play a role in myocardial endothelial cell-mediated apoptosis. Further experiments looking at whether GCS expression is involved in myocardial endothelial apoptosis are warranted.
In summary, we demonstrate for the first time that GCS expression is decreased following oxidative stress in vitro and in vivo. Inhibition of GCS in normal cells increased caspase activity. Inhibition of ceramide synthase inhibited oxidative stress-induced increases in caspase activity and suggests that the regulation of GCS following brief periods of oxidative stress regulates HUVEC apoptosis in vitro. This study is the first to demonstrate that oxidative stress influences GCS expression and that GCS function may regulate caspase activity in human endothelial cells by increasing ceramide levels. 
